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E-mail address: juanmanuel.madariaga@ehu.es (J.MA routine multianalytical methodology based on the combination of Optical Microscopy (OM) with
instrumental microscopic techniques like Electron Microscope (HR-TEM and SEM) coupled to Energy Dis-
persive X-Ray Spectroscopy (EDS), Confocal Microscopy (CM) and Micro-Raman Spectroscopy (MRS) pro-
vides a powerful approach for the research of the mineralogical composition. Coals from different origins
(ﬁve continents) and different mineralogical composition were selected for analysis. The analytical
approach makes use of OM to select the different mineral phases associated to coal samples with subse-
quent use of the instrumental microscopic techniques on selected targets. The SEM/EDS, HR-TEM/EDS,
and MRS analysis showed no signiﬁcant differences in the chemical composition of the main minerals
found associated to coal, such as oxides, sulphides, sulphates, silicates, carbonates, and others. The instru-
mental techniques provide fast, non-destructive and highly-selective analysis of both the whole coal and
particle surfaces. Moreover, thermodynamic speciation through chemical modelling simulations gives
the required information to conﬁrm the stability of secondary minerals detected in the samples and helps
to diagnose the potential environmental risks associated with weathering.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Coal has contributed enormously to the advance of civilization
by providing a worldwide abundant, inexpensive, and convenient
source of energy [1]. However, with the increasing use of coal there
is growing concern over the impacts on the environment and hu-
man health from potentially hazardous trace elements related to
coal inorganic matter that are released in the course of coal mining,
cleaning, transportation and combustion [2–4].
There are several models developed to design coal waste
waters, but all of them use the chemical reactions in terms of the
total concentration of products formed from the initial mineral
phases that oxidise [5]. This chemical engineering approach is
inadequate explaining the formation of secondary minerals or to
diagnose the potential risk associated with chemical species that
can be formed in the waters washing coal residues. To give an
example, the most common reaction to explain the oxidation oflsevier OA license. 
: +34 94 601 3500.
. Madariaga).pyrite (one of the most common minerals associated to coal) is
written in more than 20 papers as:
4FeS2 þ 15O2 þ 2H2O4Fe3þ þ 8SO24 þ 4Hþ ð1Þ
is inconsistent from the chemical equilibrium point of view because
SO24 and H
+ are incompatible acid–base species unless the total
concentration is lower than 104 M and pH > 4. In that case, though,
Fe3+ does not exist in solution because it precipitates as hydroxide.
Individual coal samples may contain similar assemblages of ma-
jor and minor minerals, but there may also be differences in their
relative abundance, and possibly also in the modes of occurrence
and the genesis of these particular minerals [6]. If a chemical mod-
el based in the knowledge of the possible equilibrium reactions
among different elements and compounds originally present in
the coals was available, the information on the mineral matter in
coals could be interpreted in terms on the depositional conditions
and geological history of the coal-bearing sequences and individual
coal seams.
Since coal is a very complex and heterogeneous sedimentary
rock, the study of the coal composition should be conducted using
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quid, and gaseous phases mixed in coal. Inorganic matter in coal,
including crystalline (minerals), non-crystalline (glass, metamict,
metacolloid and gel phases) and ﬂuid inclusions (gas–liquid) is
studied by speciﬁc classic (optical microscopy) and advanced tech-
niques like X-ray diffraction (XRD), scanning and transmitted elec-
tron microscopy (SEM, TEM), energy dispersive X-Ray spectroscopy
(EDS), confocal microscopy (CM), Mössbauer spectroscopy (MöS),
infrared spectroscopy (IR), thermal analysis methods (TAM), and
micro-Raman spectroscopy (MRS), that should always be accompa-
nied by chemical analyses [7].
For the above mentioned techniques the microspectroscopic
assessment of coal minerals may be conducted using a combination
of techniques to improve the quality of the results, and reduce the
limitations of each technique when used separately. Among those
techniques we have selected: transmitted and incident light
microscopy, SEM/TEM/EDS, Confocal microscopy andMicro-Raman
spectroscopy as the basis of a multianalytical approach to demon-
strate its usefulness in the characterisation of the minerals associ-
ated to coal.
The low resolution of the optical microscopes is the greatest
limitation of this technique, but it is well established and supermi-
crometric minerals (>10 lm) may be identiﬁed and selected for
further analysis.
SEM is one of the best methods and most widely used tech-
niques (in equal position with XRD) for the identiﬁcation and char-
acterisation of phases in coal and coal ashes [4,7–10]. Up to
20,000-magniﬁcation 3-D images of mineral topography may
be obtained using secondary electron signal and phase identiﬁca-
tion may be conducted using the backscattered electron signal cou-
pled with EDS. Transmission electron microscopy is more useful for
analyses of submicrometer mineral grains [7].
Raman spectroscopy has until now been mostly widely applied
in the study of the mineral composition.
With respect to routine methodologies, based on the measure-
ment of temperature-dependent minerals properties or on re-ﬁring
experiments, the determination of the mineralogical phases, as
commonly done with X-ray diffraction (XRD) with or without prior
low-temperature oxygen-plasma ashing (LTA), gives a more direct
and detailed description of the coal composition [5] but the exces-
sive amounts of organic matter tend to obscure mineralogical anal-
ysis in various ways, and make detection of minerals in low
concentrations difﬁcult. There are, however, clear advantages in
using a non-destructive technique. Such advantages are, at least
in principle, offered by Raman spectroscopy. In particular, micro-
Raman spectroscopy is a punctual (lateral resolutions better than
1 lm) non-destructive analytical technique that can be applied
to surface analysis of each mineral, or amorphous phase, providing
a unique spectrum. It does not require sample preparation and
may be performed with different sized samples. The Raman tech-
nique is very useful in coal mineral analysis since the microscope
allows the observation and the distinction of mineral/organic mat-
ter due to their reﬂectance and morphological properties and the
laser beam can easily be focused on the selected spots.
In this work, samples of coal mining from different origins of
ﬁve continents were analyzed by the proposed multianalytical ap-
proach of microscopic techniques (OM, SEM/EDS, HR-TEM/EDS, CM
andMRS). The main objective of the present study was to check the
usefulness of such approach in obtaining the required information
to provide a more comprehensive mineralogical database for coals
and associated strata in the coalﬁelds, both to improve the under-
standing of coal characterisation and to relate the mineralogy of
the different materials.
Moreover, the use of simulations through chemical modelling of
reaction conditions in the different original solid species with the
environment (original deposits, during mining operations and afterdumping the wastes from beneﬁciated coals), will show the useful-
ness of thermodynamic speciation tools to interpret the formation
of secondary minerals and to assess potential risks associated to
the weathering of some minerals present in the coals. The method-
ology used will be similar to that one shown recently to explain the
step-by-step transformation of malachite to moolooite by oxalic
acid attack in a sulphate environment [11].
2. Experimental
2.1. Coal samples
Twenty-eight coal samples were collected from selected loca-
tions of different continents (Australia, Brazil, Chine, Spain): (i)
run-of-mine (ROM samples, one from Australia, seven from Brazil,
one from Chine, ﬁve from Spain), (ii) beneﬁciated coal (BC samples,
seven from Brazil, one from China), (iii) and coal cleaning residues
(six CCR samples, from Brazil). The Brazilian samples were ob-
tained from different mines in relative close proximity at various
times during 2006 and 2008. Three Certiﬁed Reference Materials
(SARMs 18, 19 and 20 from South Africa) were used as controls
for each investigation, and all samples were analyzed at our labo-
ratory. A splitter was used to obtain a representative sample.
Minerals from the most representative groups of minerals (oxi-
des, silicates, sulphides, sulphates, carbonates, and phosphate) of
importance to coal were searched using all microscopic tech-
niques. Finally, the analytical response of several minerals (quartz,
hematite, pyrite, sphalerite, gypsum, jarosite, kaolinite, illite, cal-
cite and monazite) were chosen to illustrate the how powerful
combination of the advanced microscopic techniques in obtaining
the detailed coal mineralogical composition.
2.2. Analytical procedures
The minerals regions of interest were scanned for minimal
bleaching with the Spectral Confocal and Multiphoton Microscope
LeicaModel TCS SP2 and opticalmicroscopy. Analysis by SEMModel
LEO-435VP ﬁtted with an Oxford EDS resolution >133 eV. It has a
turbo pumped chamber, a motorised stage and a four-quadrant
back-scatter detector (observationonwhole coal natural and/or pol-
ished surfaces). The accelerating voltage was 20 kV and the beam
current was 1010 A. The occurrence of mineral species was also
investigated by means of an environmental SEM and TEM (JEOL
JEM-2010 FEG) equipped with energy-dispersive X-ray spectrome-
ter (EDS) for chemical analyses of individual particles. In addition,
speciﬁc areas (10–500 nm diameter) of individual particles were
chemically analyzed using an EDS ultrathin-window detector [12].
The particles were suspended in methanol and/or hexane. The
suspension was stirred for 1 min and then pipetted onto lacycar-
bon ﬁlms supported by Cu grids. The suspension was left to evap-
orate before inserting the sample into the TEM. This method may
have led to agglomeration but is a widely used standard procedure
because most minerals, including metal sulphates [13], are practi-
cally insoluble in methanol.
Raman measurements were carried out using a LabRAM Micro-
scope XploRA™ from Horiba Jobin Yvon equipped with a 532 nm
laser as the excitation source. With this conﬁguration, the spatial
resolution was <1 lm, and the spectral resolution was determined
to be ca. 1.8 cm1. Raman analyses were conducted directly on
mineral grains and extended scans were performed on each
sample.
3. Results and discussion
The minerals and groups of minerals found in the coal samples
are listed in Table 1.
Table 1
Minerals in coals determined by advanced microspectroscopic techniques.
Field measurements Run of mine (ROM) Beneﬁciated coal (BC) Coal cleaning residues (CCR)
Minerals
Oxides and hydroxides
Hematite, Fe2O3 X X
Goethite, a-Fe(OH)3 X X X
Gibbsite, a-Al(OH)3 X X X
Brucite, Mg(OH)3 X X X
Magnesioferrite, MgFe2O4 X X X
Calcium ferrite, CaFe2O4 X
Sulphides
Pyrite, FeS2 X X X
Marcasite, FeS2 X X X
Pyrrhotite Fe(1- x)S X X
Galena, PbS X X X
Sphalerite, ZnS X X X
Sulphates
Gypsum, Ca[SO4]2H2O X X X
Barite, BaSO4 X X X
Natrojarosite, NaFe3(SO4)2(OH)6 X X
Jarosite, KFe3(SO4)2(OH)6 X X
Hexahydrite, MgSO46H2O X
Chalcanthite, CuSO45H2O X
Minerals
Silicates
Quartz, SiO2 X X X
Clay Minerals:
Kaolilite, Al2Si2O5(OH)4 X X X
Illite, K1.5Al4(Si6.5Al1.5)O20(OH)4 X X X
Chlorite, Na0.5Al6(Si,Al)8O20(OH)10H2O X X X
Interstratiﬁed Clay minerals:
K feldspar, KAlSi3O8 X X X
Metakaolin, Al2O32SiO2 X X X
Plagioclase, (Na,Ca) (Al,Si) AlSi2O8 X X
Zircon, ZrSiO4 X
X X
Carbonates
Calcite, CaCO3 X
Dolomite, CaMg(CO3)2 X X
Ankerite, (Fe,Ca,Mg)CO3 X X
Siderite, FeCO3 X X X
Oligonite, Fe(Mn,Zn)(CO3) X X X
X X X
Others
Monazite, (Ce,La,Th,Nd,Y)PO4
X XX
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In this study, hematite has been themost commonFe-oxidemin-
eral found inmost thebeneﬁciatedcoals (BCs) and coal-cleaning res-
idues (CCRs) analysed (Table 1) like it as observed for Brazilian
materials [4]. Its presence probably reﬂects oxidation of pyrite in
the coal, as indicated by Ward et al. [14] from similar studies of a
range of American coal samples. Confocalmicroscopydetects hema-
tite structures by collecting light from a single focal plane of the
sample, excluding light that is out of focus. The confocal is illustrated
schematically for the hematite epiillumination imaging mode. The
accuracy with which the subvolumes are deﬁned, determined by
the scanning mechanism and complete 3D models of the specimen
can also be rendered and examined from any direction (Fig. 1A).
The shapes and sizes of hematite nanoparticles were character-
ised using TEM (Fig. 1B). The nanoparticles are spherical and highly
aggregated and the formation of iron oxides and hydroxides can
signiﬁcantly affect the geochemical cycling of metals and the dis-
solution of redox-sensitive metal oxides [15] promoting potential
environmental impacts. The elemental analysis using EDS of such
particles is seen in Fig. 1C.The typical Raman spectrum of hematite is reported in Fig. 1D
with the Raman bands at 612 (m), 502 (m), 411 (s), 296 (m), 245
(s) and 225 (vs) cm1. This spectrum can be considered like the
one of a standard of hematite mineral at 532 nm of excitation
due to the high quality of the recorded spectra, but it has been ob-
tained on a coal cleaning residues sample. The wavenumber of
each band is the same but the relative intensities at the 785 nm
excitation change dramatically, like it can be observed elsewhere
(Figure 8b in Perez-Alonso et al. [16]).
Hematite was one of the mineralogical phases most commonly
foundby SEM/EDS analysis. It is closelymixedwith quartz, feldspars
and rutile. However, other oxides, including goethite (a-FeOOH),
gibbsite (a-AlOOH), and brucite (Mg(OH)2), appear systematically
in all of the BC and CCR samples but in a lower extend than hematite
(Table 1).
3.2. Sulphides
The sulphide minerals identiﬁed were pyrite (Fig. 2A1–A3),
marcasite (Fig. 2B), pyrrhotite, galena and sphalerite (Fig. 2C1;
Table 1). Pyrite is the most abundant sulphide mineral in the coals
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Fig. 1. (A) The hematite region of interest studied with the Spectral Confocal and Multiphoton Microscope. (B) Bright-ﬁeld HR-TEM image of hematite. (C) EDS spectrum of
hematite. (D) typical hematite signals, using the standard Raman spectrum at 532 nm, as recorded from a spot on one of the coals cleaning residue samples.
L.F.O. Silva et al. / Fuel 94 (2012) 52–63 55samples and occurs in various forms in such samples, for example,
as macrocrystals Fig. 2A1), as syngenetic pyrite (e.g. Fig. 2A2), as
ﬁlling pores in inertinite, as cubic crystals, as pyrite framboids, in
association with gypsum, as cell- or cavity-inﬁlling, or as replace-
ment of the maceral components.
The Raman spectrum of cubic crystals of pyrite is shown in
Fig. 2A3 where bands centred at 379 and 343 cm1, assigned to
the vibrationmode of Fe–S, and aminor signal at 430 cm1 are seen.
This is in good agreement with previous data on pyrite [17,18].Pyrite is known to react with water and dissolved molecular
oxygen to form sulphate and cationic iron (III) or iron oxy/hydrox-
ides. The following partial reactions, spectroscopically demon-
strated by Raman monitoring on parallel experiments conducted
with and without the presence of iron-oxidising bacteria [19], are
the responsible of the pyrite oxidation:
2FeS2 þ 7O2 þ 2H2O2Fe2þ þ 4SO24 þ 4Hþ
ðmainly chemical reactionÞ ð2Þ
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Fig. 2. (A1) SEM image of pyrite representing cell replacements in the original plant tissue. (A2) SEM image of pyritized fusinites (with syngenetic pyrite). (A3) Raman
spectrum of pyrite excited with the 532 nm laser. (B) SEM image of marcasite. (C1) SEM image of sphalerite. (C2) Sphalerite Raman spectrum obtained on a Spanish ROM
sample.
56 L.F.O. Silva et al. / Fuel 94 (2012) 52–634Fe2þ þO2þ4Hþ4Fe3þ þ2H2O ðmainly bacterial reactionÞ ð3ÞFeS2 þ 2Fe3þ3Fe2þ þ 2S ðmainly chemical reactionÞ ð4Þ
2Sþ3O2þ2H2O2SO24 þ4Hþ ðmainly bacterial reactionÞ: ð5Þ
Thus, the global oxidation of pyrite [20] that is kinetically en-
hanced by the presence of anaerobic microorganisms is:
4FeS2þ15O2þ2H2O4Fe3þ þ4SO42 þ4HSO4 ðpH2Þ: ð6Þ
If the minerals surrounding pyrite are carbonate free, the last
reaction is the one playing a critical role in acid mine drainage be-
cause a buffer sulphate/bisulphate solution, with pH around 2 is
formed. But if such carbonates are present (M being a divalentcation like Ca, Mg or Zn, Pb, Cu,. . .), iron oxy/hydroxide (goethite)
is formed (if pH >2.4–2.8, depending on the iron concentration)
through the reaction:
4FeS2þ15O2þ2H2Oþ8MCO34FeOðOHÞþ8SO24 þ8M2þþ8CO2:
ð7Þ
The subsequent dehydration of goethite promotes hematite for-
mation as experimentally ascertained both in open air conditions
[21] and at temperatures higher than 250 C [22]. The release of
M2+must be considered as a side effect of reaction (6), being formed
twomoles of the soluble cationpermol of pyrite transformed in goe-
thite. Moreover, pyrite in coal is commonly a host for potentially
toxic trace elements such as As, Hg, Se, and Pb [23] and the oxidation
of the pyrite also releases such elements into the environment.
L.F.O. Silva et al. / Fuel 94 (2012) 52–63 57Apart from pyrite, sphalerite (ZnS) must be mentioned as a
trace metal sulphide found in the samples. Fig. 2C1 shows a SEM
image of a sphalerite inclusion on coal and Fig. 2C2 shows a typical
Raman spectrum, among the several spectra collected on ROM
samples, of sphalerite. Sphalerite contains variable amounts of iro-
n(II), thus depending on the relative ratio of Zn and Fe, the inten-
sities of the bands shown in Fig. 3C2 at 181 (s), 220 (s) 283 (vw),
302 (m), 336 (w), 352 (s), 398 (w), 424 (w), 440 (vw) 616 (w),
642 (w) and 670 (m-br) cm1 may change but not their wavenum-
bers. All these wavenumbers agree with those reported for sphal-
erite in the RRUFF database [24]. In particular, the Zn–S vibration
mode band at 352 cm1 can be very sharp if only traces of iron
are present in the sphalerite or even it can disappear if iron reaches
to 4% of the elemental content [24].
3.3. Sulphates
Sulphate minerals play an important role in metal cycling, espe-
cially in acid mine drainage environments [25,26]. Metal sulphates
from coal mining will interact with gases and water both in the
atmosphere and after deposition. Such interaction will include
hydration and dissolution [27].
Sulphates of Ca, Fe, Ba, Mg, Cu, K and Na were identiﬁed in the
Brazilian samples studied (see Table 1). They probably have an epi-
genetic origin or are weathering products of other minerals since a
possible reaction pathway from the oxidation of primary Fe-sul-
phide minerals, to form the secondary sulphate minerals observed
in this study, can be done if metal carbonates were available to the
soluble sulphate ions, releasing bicarbonate ions at the current pH
of natural waters:
SO24 þHþ þMCO3MSO4 þHCO3 ðpH > 7:2Þ ð8Þ
or CO2 in acidic water scenarios:
SO24 þ 2Hþ þMCO3MSO4 þH2Oþ CO2 ðpH < 6:2Þ ð9Þ
The sulphates that dominate in this study are gypsum and
jarosite (Fig. 3A). Fig. 3B shows theHR-TEMimage andEDS spectrum
of a jarosite microcrystal, while Fig. 3C shows its Raman spectrum.
Several Raman bands are observed at 133 (m), 226 (s), 298 (w) and
365 (w-br) cm1 that belong to O–Fe vibrations; a broad and sharp
band centred at 445 cm1, resulting from the overlap of two bands
at 443.7 and 452.8 cm1 [28], corresponding to the t2 bendingmode
of the sulphate; the t4 bendingmode at 624 (s) cm1with a shoulder
at 632 cm1; the symmetric t1 stretching band of sulphate at 1010
(s) cm1 and the two bands of the antisymmetric t3 stretching at
1111 (s) and 1153 (m) cm1. Finally amedium and broad band, cen-
tred at 566 cm1, correspond to FeOH deformation modes, can be
considered as characteristic of jarosite and different from the bands
of other natural jarosite-type minerals [28].
Jarosite formation is thus thought to require a wet, oxidising
and acidic environment, being formed not only by chemical reac-
tion but also highly mediated through biological activity [19]. If
potassium cations are in the solution containing the ions formed
through reaction (5), the next solid phase can be formed:
Kþ þ 3Fe3þ þ 2SO24 þ 6H2OKFe3ðSO4Þ2ðOHÞ6ðsÞ þ 6Hþ ð10Þ
This reaction promotes again the formation of free protons, i.e.,
acidifying the waters. If sodium or ammonium ions are available,
instead of potassium, natrojarosite (see Table 1) or ammonium
jarosite [19] are formed respectively.
Moreover, if the acidic waters coming from reaction (5) get in
contact with calcite, the following reaction can take place:
Kþ þ 3Fe3þ þ 2SO24 þ 2HSO4 þ 2CaCO3ðsÞ þ 6H2OKFe3ðSO4Þ2
ðOHÞ6ðsÞ þ 2CO2 þ 2CaSO4  2H2OðsÞ þ 4HþðpH < 2Þ ð11Þforming both jarosite and gypsum and acidifying the pH of the
incoming waters in contact with calcite because the initial sul-
phate/bisulphate buffer has been destroyed.
This jarosite phase is environmentally important because its
structure readily takes up Pb [29]. Their propensity to act as me-
tal/oxyanion scavengers in acid mine sites has been well estab-
lished for individual elements, however, the effect of competitive
or synergistic co-sorption between oxyanion and metal cations
has not been established; a point often overlooked when investi-
gating the behaviour of co-contaminants in the environment
[30]. Fine grains with composition Cr > Fe and Fe > Cr were also
found in the jarosite aggregates from coal cleaning residues.
Jarosite can assume a cubic morphology (Fig. 3B), which suggests
it forms pseudomorphically after pyrite.
Under most conditions, jarosite is also accompanied by kaolinite
(although kinetics may favour the formation of its polymorph hal-
loysite [31] or amorphous allophone [32]) and gypsum (Fig. 3A).
The ﬁne gypsum mineralisation (occasionally with radial aggre-
gates) ismost probably a result of crystallization of calcium and sul-
phate ions from pore water during residues from coal storage [33]
or during epigenes [34]. For gypsum to form, Ca concentrations
greater than 103 m are required [35]. Subsequent lower humidity
levels would probably dehydrate gypsum to form anhydrite, facili-
tating physical weathering of alteration rinds. This dehydration
process may also alter jarosite to less hydrous ferric sulphates
and alter Fe-hydroxides to hematite (Fig. 3D shows the simulta-
neous presence of jarosite and hematite).
Other sulphate minerals also formed as weathering products of
primary sulphide and carbonate minerals are hexahydrite
(MgSO46H2O) and chalcanthite, (CuSO45H2O), that can be formed
following reaction pathways like (formulas (8), (9)) or formula (10)
with the simultaneous formation of jarosite.
3.4. Silicates
Quartz (Table 1; Fig. 4A shows a SEM image of a Brazilian ROM,
Fig. 4B its EDX spectrum) is mainly of detrital origin and may also
occur epigenetically as cell-, cleat-, and fracture-ﬁllings and as
syngenetic alterations of aluminosilicates in coal [36]. Raman spec-
troscopy can distinguish among the different microcrystalline
silica that can be associated to coal [37] because the strongest
band, that involves motions of O in Si–O–Si symmetric stretch-
ing-bending modes, is characteristic for each silica polymorph. In
this particular case, Fig. 4C shows the presence of a-quartz in the
grain analysed due to its sharp and broad band at 464 cm1.
Accessory silicate minerals consist of feldspar grains or feld-
spar–clay agglomerates and subangular zircon. The zircon is a
common accessory mineral in various igneous, sedimentary and
metamorphic rocks. Their presence in these materials indicates
clastic mineral input during early coaliﬁcation.
The principal clay minerals detected in the samples (Table 1)
were kaolinite (Fig. 5A) and illite (Fig. 5B). Kaolinite is syngenetic
and authigenic occurring primarily in plant cell cavities. Illite com-
monly occurs in a mixture of detrital particles. The clay minerals
also occur as individual aggregates or in association with pyrite
and calcite. Common minor elements in illite are Ti and Fe, while
for other clay particles elements such as Cl, Na, Mg, Ca, and S were
also detected. As in the case of ROM and coal cleaning residues,
kaolinite is an extremely common mineral in coals, but it usually
is not the dominant species.
3.5. Carbonates
Carbonates can be beneﬁcial by providing buffering capacity to
help neutralise the acid formed by the oxidation of sulphides. Cal-
cite is a common mineral in all four coal cleaning residues (CCRs)
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Fig. 3. (A) SEM image of jarosite crystals in an association with gypsum. (B) HR-TEM/EDS of jarosite-pseudomorphic after pyrite. (C) Raman spectrum of jarosite (532 nm
excitation). (D) TEM image of jarosite and alteration of jarosite to hematite (Cu grids).
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bonates by its Raman spectrum with bands at 1085 (vs), 711 (w)
and 280 (m) cm1 (Table 1 and Fig. 5C). The band at 1085 cm1
is due to the t1(CO
2
3 ) vibrational mode, that at 711 cm
1 is due
to t4(CO
2
3 ), whereas the band at 280 cm
1 (the most important
one to distinguish among calcite, aragonite with a band at
205 cm1 and vaterite with a band at 301 cm1 when 532 nm
the excitation source is used) is due to cooperative lattice modes,
which represent the cation-related vibrations [38,39].
Other carbonate minerals detected by SEM were dolomite
(CaMg(CO3)2), ankerite ((Fe,Ca,Mg)CO3), siderite (FeCO3), and
oligonite (Fe,(Mn,Zn)CO3) (see Table 1).
3.6. Others
Among the other mineral phases found, the phosphate mineral
monazite (Fig. 5D), with minor amounts of radioactive elements, is
always present in trace amounts in the Brazilian samples.Two other ferrite minerals detected in some of the samples,
magnesioferrite, MgFe2O4 and calcium ferrite (CaFe2O4) probably
formed after the ﬁrst oxidation of pyrite in the presence of Mg and
Cacarbonate respectively,but ina locallyhigh-alkalineenvironment.
3.7. Simulation through chemical modelling
To understand mineral association and genesis or to conduct
environmental studies the chemical speciation identiﬁed through
microspectroscopic analytical techniques, such as the ones used
in this work, may be integrated with the theoretical thermody-
namic speciation, conducted through chemical modelling.
To demonstrate this, a thermodynamic speciation study has
been conducted through chemical simulation by using the MEDU-
SA software [40] and using the chemical equilibrium database
HYDRA.
The product of reaction, the oxidation of pyrite, was the starting
point of the simulation (6). Pyrite was chosen to perform the
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Fig. 4. Quartz grain present in a Brazilian coal sample: (A) SEM image, (B) EDX spectrum of marked area in A and (C) Raman spectrum (532 nm excitation).
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found in the different coal samples and its probable secondary or
tertiary minerals (goethite, jarosite, hematite, magnesioferrite,
etc.) are common in the analysed samples. Thus, consider a solu-
tion coming from the oxidation of an amount of pyrite to give
the following total concentrations: 50 mM of Fe3+, 100 mM of
SO24 , and 50 mM of H
+. This solution reaches a carbonate environ-
ment having an equivalent amount to 5 mMMgCO3, 20 mM K2CO3,
and a sufﬁcient enough reservoir of CaCO3.
Using the MEDUSA software Hydra database, the next ions and
solid phases were chosen as components: H+, CO23 , Fe
3+, K+, Mg2+,
SO24 and CaCO3 (s), given a total of 28 soluble complex species and
19 solid phases from the chemical reactions among the seven com-
ponents. The ﬁrst step of the whole reactivity shown the complete
dissolution of potassium carbonate and magnesium carbonate
with the free amount of protons (acid), that occurred prior to the
formation of any new species. Thus the simulation was performed
starting from this new chemical system of soluble ions with its to-
tal concentrations in the initial solution: 25 mM CO23 , 40 mM K
+,
25 mM H+, 5 mMMg2+, 100 mM SO24 and 50 mM Fe
3+. As the res-
ervoir of CaCO3 (s) has been considered sufﬁcient, the simulation
was performed as a function of increasing the total concentration
of calcite. Fig. 6 shows some of the diagrams obtained during this
simulation process.
Fig. 6A shows the variation of pH as the initial liquid solution
gets in contact with the CaCO3 reservoir (increase of CaCO3 concen-
tration). The ﬁrst pH value shows the presence of a sulphate/bisulphate buffer solution, where the bisulphate concentration de-
creases as CaCO3 increases, i.e. the bisulphate neutralises the
CaCO3 forming sulphate and carbonic acid. As the liquid solution
ﬂows through the CaCO3 reservoir, the pH increases to a maximum
where a new buffer of carbonic acid/bicarbonate controls its value
between 6 and 7. In fact, the proﬁle shown by the pH in Fig. 6A is
the same as the proﬁle of variation of log [HCO3 ] as a function of
CaCO3 concentration.
When the sulphate/bisulphate buffer controls the pH of the
solution, a mixture of jarosite and gypsum is formed (Fig. 6B), with
an increase growth of both concentration till 30 mM of equivalent
CaCO3 concentration in the particular conditions of the simulation
shown. This is in agreement with the experimental observations of
both mineral phases (Fig. 3A) as a predominant couple in most of
the samples. When the CaCO3 concentration increases (when the
pH goes to more neutral values), the free protons generated during
the formation of jarosite are neutralised and thus, this mineral
tends to be not so stable being gypsum the only predominant one.
Fig. 6C shows the fraction of iron species in the same conditions
of the simulation. The most interesting feature is the simultaneous
prediction of jarosite and goethite (hematite when dehydrate) in a
wide CaCO3 concentration range. This is also in agreement with the
experimental observations shown in Fig. 3D. As the stability of
jarosite decreases, the goethite species tends to be the principal
mineral among the iron(III) precipitates.
In the chemical system considered for the simulation process
(Fig. 6), when CaCO3 concentration reaches 25 mM, more than
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Fig. 5. SEM images and EDS spectra of kaolinite (A) and illite (B). (C) SEM Image of calcite identiﬁed in a Brazilian CCR sample and its Raman spectrum (532 nm excitation).
(D) Monazite in subbituminous coal from Brazil, showing a SEM image of natural surface and its EDS spectrum for elemental composition.
60 L.F.O. Silva et al. / Fuel 94 (2012) 52–6350% of the total sulphate is in one or several solid phases, thus the
sulphate-bearing minerals in Table 1 are all thermodynamically fa-
voured for giving chemical conditions, i.e., all the sulphate can be
considered to be secondary minerals resulting from the oxidation
of the sulphur in pyrite like compounds of S(1) or S(2) oxidation
states.The two ferrite minerals shown in Table 1 are solid phases that
can be formed, from a chemical solution like the one used for the
simulations in Fig. 6 if pH increases to 8.5 or higher (at pH = 8.8,
Fe is equally distributed between goethite/hematite and magne-
sium ferrite). Fig. 6A shows a maximum pH value of 6.8 provided
that both carbonic acid and bicarbonate remain in solution; but
Fig. 6. Theoretical distribution of some species when solution containing the oxidation products of pyrite in the presence of K2CO3 and MgCO3 in contact with a solid phase of
calcite: (A) variation of the pH, (B) molar fraction of the species containing sulphate and (C) molar fraction of the species containing Fe(III).
L.F.O. Silva et al. / Fuel 94 (2012) 52–63 61when that solution is heated, the carbonic acid can evolve to a gas-
eous form (CO2), disappearing from the aqueous phase and
destroying the buffer solution. Consequently, the pH value will in-
crease to 8.2–8.8, sufﬁcient alkalinity to saturate the calcium or
magnesium ferrite precipitate.Thus, like the secondary sulphate minerals, the calcium and
magnesium ferrite must be considered to be secondary minerals
of primary pyrite but only in situations where the whole acidity
of the pyrite (and other sulphide minerals) oxidation is neutralised
by carbonate (calcite, magnesite or dolomite) and the solution is
62 L.F.O. Silva et al. / Fuel 94 (2012) 52–63heated to remove the dissolved carbonic gas, resulting in a highly
concentrated bicarbonate solution.4. Conclusion
Increasing requirements for quality control on the feed to coal
utilisation plants, coupled with an increasing need to mine low-
er-quality coals in order to supply those plants from declining re-
sources, mean that signiﬁcant quantities of coal preparation
residues are accumulated in different parts of the world. At least
some, but by no means all, of this material tends to be pyritic in
nature, and may contain signiﬁcant concentrations of environmen-
tally-signiﬁcant trace elements. The mineral forms in which those
elements occur, and the mechanisms by which they might be re-
leased to the environment, were therefore worthy targets of this
studies.
The advanced microscopy techniques revealed phases with di-
verse composition and structure. The Spectral Confocal and
Multiphoton Microscope and analyses of the images in 3D, showed
the characteristic of several minerals grains (e.g. hematite). The
HR-TEM/EDS and SEM/EDS results were in agreement with the
information obtained by Raman spectroscopy.
The high number of mineral phases in the coal cleaning resi-
dues suggests that some of them, sulphate and ferrite minerals
mainly, could be generated in situ through weathering or dissolu-
tion of the original compounds in the coals and subsequent precip-
itation of new thermodynamically stable solid phases from
dissolved cations and anions. This assumption is supported by
the theoretical simulation presented in this work. When those
new mineral phases are formed, some highly toxic metals can be
released as free cationic species through reaction (6), or as com-
plexes as shown in reactions (7), (8) or in Fig. 6B; consequently
highly risky bioavailable metal species are transported outside
the coal mining facilities.Acknowledgements
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